Using a modified model of ferroelectric glycine phosphite by considering the piezoelectric coupling with strains within the two-particle cluster approximation, the expressions for the polarization vector, static dielectric permittivity tensor, piezoelectric coefficients, and elastic constants of the crystal in the presence of a longitudinal electric field 2 are calculated. An analysis of the influence of this field on thermodynamic characteristics of the crystal is carried out. The dependence of effective dipole moments on order parameters is taken into account. This allowed us to agree the effective dipole moments in the ferro-and paraelectric phases and to describe the smearing of phase transition under the influence of an electric field. The satisfactory quantitative description of the available experimental data for these characteristics has been obtained at the proper choice of the model parameters.
Introduction
One of the actual problems in physics of ferroelectric materials is the study of the effects that appear under the action of an external electric field. It can be a powerful tool for the purposeful control of their physical characteristics. The effects of the action of external fields depend both on the intensity and the type of such an action, and on the properties of the materials. The application of an electric field is a very important instrument for the investigation of ferroelectric materials with a complex spatial arrangement of the local effective dipole moments. Consequently, phase transitions with different order parameters connected with one another can take place in these materials. In particular, it appears possible to influence this system by means of longitudinal and transverse electric fields.
Crystal NH 3 CH 2 COOH · H 2 PO 3 (glycinium phosphite -GPI) belongs to the family of ferroelectrics with hydrogen bonds [1, 2] . At room temperature, this crystal is in the paraelectric phase and has a monoclinic structure (space group P2 1 /a) [3] . But, at the temperature about 225 К, the crystal passes to c ○ A.S. VDOVYCH, I.R. ZACHEK, R.R. LEVITSKII, 2018 the ferroelectric phase (space group P2 1 ). It is one of the most interesting examples of a crystal sensitive to the influence of both longitudinal and transverse electric fields. In particular, there was experimentally ascertained in [4, 5] that its transverse dielectric permittivity in the ferroelectric phase significantly increases under the influence of a transverse field . In [4, 6] , a microscopic approach was proposed for the theoretical study of dielectric properties of GPI crystals, on the basis of which the transverse field effect on the permittivity was explained qualitatively properly.
In [7] , this approach was supplemented by allowance for the piezoelectric coupling of the proton subsystem with the lattice strain. This allowed one to calculate the expressions for the spontaneous polarization vector, static dielectric permittivity tensor, piezoelectric coefficients, elastic constants, and molar heat capacity of the crystal and to obtain the good quantitative description of the experimental data for these characteristics. Moreover, on the basis of a modified model of GPI, we quantitatively properly described the influence of transverse fields and [8] , hydrostatic [9] and uniaxial [10] pressures on the phase transition and thermodynamic characteristics of GPI crystal. Experimental data [11] show that, in the presence of a longitudinal field , the phase transition smears, and the temperature dependence of the longitudinal permittivity ( ) has rounded maximum. At the same time, in the model proposed in [7] , the effective dipole moments with different values of longitudinal components in the para-and ferroelectric phases are used for the description of the longitudinal dielectric permittivity . This leads to the appearance of a jump on the curve ( ) instead of a smoothed maximum in the presence of an external field . Therefore, in the present paper for the proper description of the phase transition smearing, we modify the model [7] , by supposing that the effective dipole moment on the hydrogen bond depends on the order parameter on this bond, because this parameter continuously depends on the temperature near the phase transition point.
Thermodynamic Characteristics
In the model proposed in [7] , we consider the system of protons in GPI localized on O-H...O bonds, which form chains along the -axis of the crystal.
Dipole moments d ( = 1, ..., 4) are ascribed to the protons on the bonds. In the ferroelectric phase, the dipole moments compensate one another (d 1 with d 3 , d 2 with d 4 ) in directions and ( ⊥ ( , ), ‖ , ‖ ), and simultaneously supplement one another in direction , creating a spontaneous polarization. Vectors d are oriented at some angles to crystalographic axes and have longitudinal and transverse components along -axis (Fig. 1) . For the better understanding of the model, only phosphite groups are shown in the figure.
The pseudospin variables 1 2 , ..., 4 2 describe reorientation of the dipole moments of the base units:
are connected with differences in the occupancies of the two possible molecular positions, and . Below, for the components of vectors and tensors, we use the notations 1, 2, and 3 instead of , , and for convenience. The Hamiltonian of the proton subsystem of GPI, which involves the short-range and long-range interactions and the applied electric fields 1 , 2 , and 3 along the positive directions of the Cartesian axes , and can be written [7] in such a way:
where is the total number of primitive cells. The first term in (2.1) is the "seed" energy, which relates to the heavy ion sublattice and does not depend explicitly on the configuration of the proton subsystem. It includes the elastic, piezolectric, and dielectric parts expressed in terms of the electric fields and strains as follows: The parameters 0 ( ), 0 , and 0 are the so-called "seed" elastic constants, piezoelectric stresses, and dielectric susceptibilities, respectively, and is the volume of a primitive cell.
Other terms in (2.1) describe the pseudospin part of the Hamiltonian. In particular, the second term in (2.1) is the Hamiltonian of short-range interactions:
In (2.3), is the -component of the pseudospin operator that describes the state of the -th bond ( = 1, 2, 3, 4) in the -th cell. The first Kronecker delta corresponds to the interaction between protons in the chains near the tetrahedra HPO 3 of type "I" (Fig. 1) , where the second one near the tetrahedra HPO 3 of type "II", R c is the lattice vector along the -axis. Contributions into the energy of interactions between protons near tetrahedra of different types, as well as the mean values of the pseudospins = ⟨ ⟩, which are related to tetrahedra of different types, are equal. The parameter , which describes the short-range interactions within chains, is expanded linearly into series in strains :
The third term in (2.1) describes the long-range dipole-dipole interactions and indirect (through the lattice vibrations) interactions between protons, which are taken into account in the mean field approximation:
The Fourier transforms of interaction constants ′ = ∑︀ ′ ′ ( ′ ) at k = 0 are linearly expanded in the strains :
As a result, (2.5) can be written aŝ 
In (2.9), the following notations are used: The fourth term in (2.1) describes the interactions of pseudospins with an external electric field:
Here, 1 = ( 13 , 13 , 13 ), 3 = (− 13 , 13 , − 13 ),
) are the effective dipole moments per one pseudospin.
The first four terms in Hamiltonian (2.1) describe the model [7] . The term^′ in hamiltonian (2.1) is introduced in the present model for the first time. It accounts for the above-mentioned dependence of longitudinal components of dipole moments on the mean value of pseudospin :
Here, we use corrections to dipole moments 2 ′ instead of ′ because of the symmetry considerations: the energy should not be changed, when the field and all pseudospins change their sign.
The term^′ , as well as long-range interactions, is taken into account in the mean field approximation:
(2.13)
The two-particle cluster approximation for shortrange interactions is used in the calculation of thermodynamic characteristics of GPI. In this approximation, the thermodynamic potential is given by
Here,^( 2) ,^( 1) are two-particle and one-particle Hamiltonians:
where such notations are used:
The symbols Δ are the effective fields created by the neighboring bonds from outside of the cluster. In the cluster approximation, the fields Δ can be determined from the self-consistency condition, which states that the mean values of the pseudospins ⟨ ⟩ calculated with the two-particle and one-particle Gibbs distributions, respectively, should coincide. That is,
Hence, on the basis of (2.19) with regard for (2.15) and (2.16), we obtain
2 , 
Thermodynamic Characteristics of GPI in the Electric Field 2
For the calculation of the dielectric, piezoelectric, and elastic characteristics of the GPI, we use the thermodynamic potential per one primitive cell obtained in the two-particle cluster approximation:
Minimizing the thermodynamic potential with respect to the strains , we have obtained the following equations for the strains: Differentiating the thermodynamic potential with respect to the fields , we get the following expressions for the polarizations: 
3)
The static isothermic dielectric susceptibilities of mechanically clamped crystal GPI are given by with the notations The proton contribution to the elastic constants of GPI is found by differentiating (3.2) with respect to strains at a constant field: Other dielectric, piezoelectric and elastic characteristics of GPI can be found, by using the expressions established above. In particular, the matrix of isothermal elastic compliance at a constant field , which is reciprocal to the matrix of elastic constants , is as follow: 
the isothermic constants of a piezoelectric strain
the isothermal dielectric susceptibility of a mechanically free crystal where R is the gas constant. The molar heat capacity of the proton subsystem of GPI crystals can be found by the differentiation of entropy (3.11):
Comparison of Theoretical Results with Experimental Data
For the calculation of the temperature and field dependences of the dielectric and piezoelectric characteristics of GPI, we have to determine the values of the model parameters. Methods of determination of the these parameters are described in [7] . Their optimal values are presented below. The volume of a primitive cell of GPI = 0.601 × × 10 −21 cm 3 [12] .
The parameter of short-range interactions 0 / B = = 820 K; the deformational potentials , which are coefficients of the linear expansion of the parameter in strains are as follow:˜1 = 500 K,˜2 = 600 K, 3 = 500 K,˜4 = 150 K,˜5 = 100 K,˜6 = 150 K; = / B ; (i =1, ..., 6); The parameters of long-range interactions˜0 2, 3) ; the deformational potentials ± ( = 1, 2, 3; = 1, ..., 6), which are coefficients of the linear expansion of the parameters 0± in strains are as follow:˜+ 1 = 87.9 K, Now, let us consider the results obtained in this paper for the temperature and field dependences of physical characteristics of a GPI crystal at the different values of the strength of the electric field 2 . We note that the solid lines in the figures mean the results of calculations on the basis of the theory proposed in the present paper (effective dipole moment ( ) depends on order parameter), whereas the dashed lines, which are given for comparison, mean our results obtained in [7] at the zero field (effective dipole moment is constant, but has different values in the ferro-and paraelectric phases).
The themperature dependences of the strains of a GPI crystal become smooth near the phase transition temperature = 225 K under the influence of the electric field 2 (Fig. 2) . At 2 = 0, curves 1 practically coincide with curves obtained in [7] ; that is, taking ( ) into account does not influence practically the strains.
The temperature dependence of the longitudinal polarization 2 ( ) at 2 = 0 with regard for ( ) (Fig. 3, curve 1 ) has larger convexity, in comparison with one obtained in [7] (dashed line).
The curve 2 ( ) also becomes smooth under the influence of the field 2 (Fig. 3, curves 2-5) . The polarization 2 increases in the whole temperature region with increasing the field strength 2 . The character of such increase can be seen well on the field dependence of the polarization 2 ( ) at different temperatures (Fig. 4) .
With applying the field − 2 , the polarization becomes negative, and the curve 2 ( ) is symmetric relative to such curve at the field + 2 . At 2 = 0, the curve 2 ( ) has jump.
In Fig. 5 , we present the temperature dependences of the dielectric permittivities of mechanically free GPI crystals, and the curves 22 ( ) and 22 ( ) calculated in [7] without regard for the dependence ( ) (dashed lines).
One can see that the account for ( ) at the zero electric field leads to increasing the permittivities in the ferroelectric phase and does not influence them in the paraelectric phase. The influence of a longitudinal electric field on the temperature dependence of the dielectric permittivity 22 of a GPI crystal is presented in Fig. 6 . With increasing the electric field strength, the maximum on the curve 22 ( ) becomes smooth, decreases, and shifts to the higher temperatures. We note that the curves 22 ( ), which are calculated at field strengthes 2 = 20, 30, 40, 70, 120, 170, and 220 kV/m, quite well agree with experimental data [11] , which are measured at field strengthes 0 0.5 [7] at the zero field 2 = 0, 10, 20, 50, 100, 150, 200 kV/m. This points to the existence of some internal longitudinal electric field 2 = 20 kV/m in the crystal from [11] . The field dependences of 22 ( ) at different temperatures in the paraelectric phase (Fig. 7) also testify to the existence of an internal field; they have smoothed peaks shifted to ≈20 kV/m.
We also note that the experimental data [11] at the zero field do not agree with experimental data of another papers, which we used in [7] . Therefore, for the theoretical description of data [11] , we suppose that, in this sample, the parameters 13 = 4.28 × × 10 −18 esu · cm,
−18 esu · cm, but all other parameters are such as obtained in [7] . The temperature dependences of the permittivities 11 and 33 of a GPI crystal at the zero field coincide with the curves 11 ( ) and 33 ( ) calculated in [7] without regard for the dependence ( ). With increasing the field strength, the maxima on the curves 11 ( ) and 33 ( ), as well as in the case of 22 ( ), become smooth, decrease, and shift to higher temperatures (Fig. 8) .
From the temperature dependence of the piezoelectric coefficients, 2 (Fig. 9) , one can see that the account for ( ) (solid lines) at the zero field increases the coefficients 2 in comparison with those calculated in [7] without regard for ( ) (dashed lines). A longitudinal field leads to appearing their nonzero values in the paraelectric phase; and the maxima on the curves 2 ( ), 2 ( ), ℎ 2 ( ), and 2 ( ) become smooth, decrease, and shift to higher temperatures.
In [14] , the experimental data are obtained for the coefficients of the piezoelectric strains 21 ( ) and 23 ( ), which have nonzero values in the paraelectric phase. They may be qualitatively explained by the existence of some internal electric field ≈1.2 MV/m in the sample (Fig. 10) .
The account for ( ) does not influence the temperature dependence of the elastic constants and the proton contribution to the molar heat capacity Δ . The role of the electric field 2 consists in the smoothering of the curves ( ) (Fig. 11 ) and Δ ( ) (Fig. 12) .
Conclusions
On the basis of the proposed model of a deformed GPI crystal, we have calculated its thermodynamic characteristics in the presence of the electric field 2 . The dependence of the longitudinal component of effective dipole moments on the order parameters ( ) is taken into account. This allowed us to agree the polarizations in the ferro-and paraelectric phases. The dependence ( ) leads to a small increase in the polarization in the ferroelectric phase near , to an increase in the longitudinal permittivity in the ferroelectric phase and the piezoelectric coefficients 2 and 2 , but does not influence the transverse permittivity, longitudinal permittivity in the paraelectric phase, elastic constants, and molar heat capacity.
The calculated temperature and field dependences of thermodynamic characteristics show that an increase in the field 2 leads to the smearing of the phase transition, decrease in the dielectric permittivities and in the piezoelectric coefficients in the ferroelectric phase for all temperatures. The obtained theoretical dependences have a character of predictions and can stimulate the subsequent experimental investigations.
